The use of heterosis has considerably increased the productivity of many crops; however, the biological mechanism underpinning the technique remains elusive. The North Carolina design III (NCIII) and the triple test cross (TTC) are powerful and popular genetic mating design that can be used to decipher the genetic basis of heterosis. However, when using the NCIII design with the present quantitative trait locus (QTL) mapping method, if epistasis exists, the estimated additive or dominant effects are confounded with epistatic effects. Here, we propose a two-step approach to dissect all genetic effects of QTL and digenic interactions on a whole genome without sacrificing statistical power based on an augmented TTC (aTTC) design. Because the aTTC design has more transformation combinations than do the NCIII and TTC designs, it greatly enriches the QTL mapping for studying heterosis. When the basic population comprises recombinant inbred lines (RIL), we can use the same materials in the NCIII design for aTTC-design QTL mapping with transformation combination Z 1 , Z 2 , and Z 4 to obtain genetic effect of QTL and digenic interactions. Compared with RIL-based TTC design, RIL-based aTTC design saves time, money, and labor for basic population crossed with F 1 . Several Monte Carlo simulation studies were carried out to confirm the proposed approach; the present genetic parameters could be identified with high statistical power, precision, and calculation speed, even at small sample size or low heritability. Additionally, two elite rice hybrid datasets for nine agronomic traits were estimated for real data analysis. We dissected the genetic effects and calculated the dominance degree of each QTL and digenic interaction. Real mapping results suggested that the dominance degree in Z 2 that mainly characterize heterosis showed overdominance and dominance for QTL and digenic interactions. Dominance and overdominance were the major genetic foundations of heterosis in rice. 
Introduction Heterosis, or hybrid vigor, describes the superior performance of heterozygous hybrid plants over their homozygous parental inbred lines [1] [2] [3] . The development of heterotic crops, especially those for hybrid rice and maize, is one of the most important applications of genetics in agriculture [4] [5] , but the molecular basis underlying heterosis remains elusive.
Indeed, much of our knowledge regarding heterosis derives from classical genetic studies on maize, during which the fundamental hypotheses for heterosis were defined, with the main competing hypotheses including dominance, overdominance, and epistasis [1, [5] [6] . The dominance hypothesis explains heterosis by the complementing action of superior dominant alleles from both parental inbred lines at multiple loci over the corresponding unfavorable alleles leading to the improved vigor of hybrid plants [1, 5, [7] [8] . The overdominance hypothesis attributes heterosis to allelic interactions at one or multiple loci in hybrids that result in superior traits compared to the homozygous parental inbred lines [1, [9] [10] . In addition, the epistasis hypothesis considers epistatic interactions between non-allelic genes at two or more loci as the main factor for the superior phenotypic expression of a trait in hybrids [1, [10] [11] [12] .
To decipher the genetic basis of heterosis, NCIII [13] and TTC [14] are powerful genetic mating designs widely used in maize [12, [15] [16] [17] [18] [19] , rice [12, 8, [20] [21] [22] [23] [24] [25] [26] , and Arabidopsis thaliana [27] [28] [29] [30] . Rice is the staple food for a large segment of the world's population. The success of hybrid rice breeding [31] , together with its relatively small genome size [32] , saturated molecular linkage maps [33] , and rapid advances in genome sequencing [34] [35] , have provided a novel opportunity for dissecting the genetic basis of heterosis.
In Xiao et al.'s study [8] , based on the NCIII design, 194 F 7 RIL were backcrossed to their parental lines to develop the mapping population, and 37 QTL were detected for 12 quantitative traits by single-point analysis [one-way analysis of variance (ANOVA)] and an interval mapping method. In one of the two BC 1 F 7 populations, 82% of the detected heterozygotes were superior to the respective homozygotes; therefore, Xiao et al. concluded that dominance complementation was the major genetic basis of heterosis in rice. On the other hand, Li et al. [21] and Luo et al. [22] investigated five interrelated mapping populations by an interval mapping method in which 254 F 10 RIL were selected as the base population; two BC 1 F 1 populations were derived from the NCIII design and two test cross populations were obtained by test crossing the RIL with two testers (Zhong 413 and IR64). The results suggested that epistasis and overdominance, rather than dominance, were the major genetic bases of heterosis in rice. Yu et al. [20] also pointed out that epistasis played a major role as the genetic basis of heterosis. Hua et al. [23] investigated the genetic components conditioning the heterosis of yield and yield component traits in an elite rice hybrid using an immortalized F 2 population with modified composite interval mapping (CIM) and two-way ANOVA methods and found that heterotic effects at the single-locus level and a dominance × dominance interaction at the two-locus level could adequately explain the genetic basis of heterosis. In our previous study [24] based on the NCIII design, two recombinant inbred populations were backcrossed to their respective parents to develop mapping populations (L 1 and L 2 ) in which main-effect QTL were detected by the CIM method and epistatic QTL were detected by the mixed linear approach in the RIL population and summation (L 1 + L 2 ) and subtraction (L 1 − L 2 ) data of two backcross populations. The research demonstrated that heterosis was attributable to the orchestrated outcome of partial-to-complete dominance, overdominance, and epistasis. In addition, based on an ultra-high-density single nucleotide polymorphism bin map constructed with population sequencing, the immortalized F 2 population in Hua et al. [23] was reanalyzed by Zhou et al. [26] with an h test in one-locus effects detection and two-way ANOVA in two-locus interactions for the whole genome. The results suggested that relative contributions of the genetic All 4n families, each with m replications, were planted. Molecular marker information was observed from all of the n base population lines and the testers P 1 , P 2 and F 1 , whereas quantitative traits were measured for all 4nm aTTC progeny. The phenotypic observations were denoted by y tij , where t = 1, 2, 3, and 4 for L 1i , L 2i , L 3i , and L 4i ; respectively; j = 1, 2. . . m. The family means were denoted by " L ti ¼ X m j¼1 y tij =m.
The genetic expectations of six data set transformations, Z 1i , Z 2i , Z 3i , Z 4i , Z 5i , and Z 6i , were obtained from L 1i , L 2i , L 3i , and
, and Z 6i = 2L 3i − L 4i . Two main metrics were adopted for the 4n aTTC lines: the F 1 and F 2 metrics [36, 40] ; their genetic expectations are listed in S1 Supporting Information.
Genetic models for mapping heterotic QTL in RIL-based aTTC design
The derivation of the expected genetic values of Z 1i , Z 2i , Z 3i , Z 4i , Z 5i , and Z 6i under both the F 1 and F 2 metric models is presented in S3 Supporting Information under the assumption that the quantitative trait was determined by two QTL with digenic epistasis and arbitrary linkage. The genetic effect symbols adopted in this research were described by Kao and Zeng [36] . He et al. [37] simulated and estimated main and epistatic QTL in the RIL-based NCIII design under both the F 1 and F 2 metrics models and found that QTL mapping results under the F 1 metric were superior to the F 2 metric; therefore, this paper simulated QTL under the F 1 metric models.
QTL mapping models in the RIL-based aTTC design under the F 1 metric model. The phenotypic values of Z 1i and Z 2i in the RIL-based aTTC design are the same as the RIL-based NCIII design. Details can be found in the publication by He et al. [37] . According to the genetic expectations of Z 1i under the F 1 metric model (Table A5 in S1 Supporting Information), the phenotypic value of Z 1i can be described as
where μ is the mean genotypic value of the four homozygotes in the RIL population; a k and d k are additive and dominance effects of the kth QTL (k = 1, 2); i a 1 
. If the quantitative trait was controlled by q QTL, model (2) should be extended to
where the model mean are determined by genotypes of the kth and lth QTL for the ith RIL line, as shown in Table 1 . Similarly, the phenotypic value of Z 2i can be described as
where 
If the quantitative trait controlled by q QTL, model (5) should be extended to
where the model mean Table 1 .
Similarly, the phenotypic value of Z 3i can be described as In the same way, the phenotypic value of Z 4i can be described as In the same way, the phenotypic value of Z 6i can be described as (Table A10 in S1 Supporting Information), e 6i is the residual error with an Nð0; s 2 6 Þ distribution. According to Table A10 in S1 Supporting Information, model (13) can be reduced to
Genotype of Marker
where the model mean μ z6
Model parameter components for Z 1i , Z 2i , Z 3i , Z 4i , Z 5i and Z 6i in the RIL-based aTTC design under both the F 1 were listed in Table 2 .
Genetic models for mapping heterotic QTL in F 2 -based aTTC design Genetic models for mapping heterotic QTL in the F 2 -based aTTC design under both F 1 and F 2 metric can be found in S4 Supporting Information.
Parameter estimation
For a continuously distributed trait, the observed phenotypic value y i of individual i can be described by the linear regression model
where q is the number of markers, μ is the overall mean, x ki denotes the genotype of marker k for individual i and is defined as −1 or 1 for the two genotypes in the mapping population, and x kli represents the epistatic genotype between the kth and lth QTL of individual i, and is obtained as the element-wise product of x kj and x lj . In addition, a k and i kl are the corresponding augmented main and epistatic effects, respectively.
qðq À 1Þ is the total number of genetic effects and x ji and β j are the corresponding genotypes and coefficients, including the main and epistatic effects. e i is the residual error assumed to follow an N(0,σ 2 ) distribution. Model (15) can be written as
where vectors β G and b GG 0 represent the augmented main and epistatic effects of all markers, respectively. X G and X GG 0 are corresponding design matrices of different effects and e is the residual error that follows an N(0,σ (16) can be written in a more compact form
Due to the physical linkage or epistatic interactions among multiple QTL, it is rational when taking a large number of loci into consideration simultaneously. However, the total number of genetic effects p is very large because we set each marker as a QTL initially. Typically, we have p >> n. To handle such an oversaturated model, we employed a fast empirical Bayesian LASSO (EBLASSO) algorithm. Simulation studies demonstrate that the EBLASSO method can sharply reduce the computational burden by shrinking small effects into zero, and can detect more true QTL effects without increasing the false-positive rate. Details of the EBLASSO algorithm can be seen by reference to the work of Cai et al. [41] . At last, all remaining markers with t j ¼ jb j j=ŝ j > 2:0 are picked up, whereŝ j is the standard deviation 
Take any two significant QTL in a model as an example to explain how we obtain genetic effects. After performing QTL mapping, genetic parameters i
All main and epistatic effects were dissected by the integration of augmented effects in Z 1 , Z 2 , and Z 4 .
Similarity, with transformation combination (Z 1 , Z 2 , and Z 5 ) and (Z 1 , Z 2 , and Z 6 ), we can also get the genetic effect of each QTL or interaction by QTL mapping under the aTTC design, respectively. More details are listed in S1 Supporting Information.
Simulation study
We took all the possible types of epistatic interaction patterns into consideration. The simulated genome, covered by 100 evenly spaced markers with a marker interval of 5 cM, was 495 cM in total length and comprised four chromosomes. For data sets Z 1 , Z 2 , or Z 4 , six QTL positions were preset, of which three positions (QTL 1 , QTL 2 , and QTL 4 ) had main effects. Pairwise interactions were set between positions with main effects (QTL 1 and QTL 2 ), with and without main effects (QTL 3 and QTL 4 ), and without main effects (QTL 5 and QTL 6 ), respectively. The assumed QTL positions, parameters, and augmented effects (including main and epistatic effects) are listed in Table 3 and Tables A-B in S11 Supporting Information. The sample size (n) was set at three levels: 800, 400, and 200. The broad heritability (h) was also set at three levels: 0.8, 0.5, and 0.2, separately representing high, middle, and low heritabilities. The replication number of offspring (m) was set at two levels: 5 and 10. In three transformations, Z 1 , Z 2 , and Z 4 , each treatment was replicated 100 times. Simulation study also be conducted for Z 5 and Z 6 . The results of Z 5 and Z 6 were listed in Tables C and D in S11 Supporting Information.
QTL mapping in simulation study. All independent variable p ¼ 100 þ Â 100 Â ð100 À 1Þ ¼ 5050 for Z 1 , Z 2 , Z 4 in simulation study were simultaneously included in one genetic model, which was much larger than the sample size. Data sets were implemented in R (version 3.0) with the EBLASSO package obtained from Cai et al. [41] . Hyper-parameters a and b were obtained by three-fold cross-validation (by default) in each individual model; after 100 replications, hyper-parameters with minimum predicted errors were fixed to estimate parameters. The time was approximately 5 minutes in each transformation in a stand-alone personal computer (Intel Pentium CPU 2.9 GHz; memory 4 GB); therefore, the EBLASSO algorithm presented high efficiency and saved time.
Real data analysis
Considering the unbiased estimate of coefficients and the excellent detection power in the simulation study, we further applied the proposed approach to a real mapping population and presented a comparison to previous mapping results. Populations. Two elite rice hybrids, one inter-subspecific between 9024 (indica) and LH422 (japonica) and one intra-subspecific between Zhenshan97 (indica) and Minghui63 (indica), were analyzed, and details were documented in our previous study [24] . For convenience, we designated the two hybrids as IJ and II hybrids, respectively. The RIL were derived from the cross of a random sample of F 2 individuals to their parental lines (194 F 7 lines for the IJ hybrid and 222 F 12 lines for the II hybrid, respectively).
Genetic linkage maps. For the II hybrid, the linkage map comprised 221 marker loci and covered 1796 cM in total [42] . For the IJ hybrid, Xiao et al. [8] constructed a linkage map of the recombinant population in which a subset of 141 polymorphic restriction fragment length polymorphism markers was used.
Phenotypic traits. Nine quantitative traits, including heading date (HD, in days), plant height (PH, in centimeters), tillers per plant, panicle length (PL, in centimeters), filled grains per panicle (FGPP), percentage of seed set, grain density (GD, in grain numbers per centimeter of panicle length), 1000-grain weight (KGW, in grams), and grain yield (YD, in tons/hectare) were investigated in RIL, Z 1 , Z 2 , and Z 4 respectively. All the materials described above were laid out in a field in a randomized complete block design with two replications (plots) for phenotypic evaluation.
QTL mapping in real data analysis. Data sets Z 1 , Z 2 and Z 4 were implemented in R (version 3.0) with the EBLASSO package obtained from Cai et al. [41] for QTL mapping.
Results

Simulation study results
Augmented effects in simulation study. As shown in Table 3 and Tables A-B in S11 Supporting Information, the augmented additive (a 1 4 were rightly and unbiased estimated with a high statistical power in preset positions. The ratio of the number of samples, in which the LOD statistic was greater than 2.5, to the total number of replicates represented the empirical power of this simulated QTL or interaction.
In Z 1 transformation (Table A in S11 Supporting Information, S1 Fig) , when the sample size was 800 or 400, almost all augmented additive and epistatic effects were detected, except for the detection power of digenic interactions in 400 samples, 0.2 heritability, and 5 replications. This indicated that smaller heritability or less individual replication had little influence on the detection of QTL in a relatively large sample size. When the sample size was reduced to 200, all the preset QTL were detected successfully with a heritability of 0.8 and 0.5; however, detection power decreased sharply to the level of 0.2, which is more true for the preset digenic interactions. When individual replication was 5, the detection power of the augment additive effect of QTL 3 was 0.73, whereas it was 0.985 when the individual replication was 10, and the detection power of augmented epistatic effects dropped to 0.59 for interaction QTL 5 × QTL 6 . Similar results could be found in Z 2 (Table B in S11 Supporting Information, S2 Fig); all the preset QTL were precisely detected and the QTL effects were estimated in an unbiased manner, even on the level of the smallest sample size (200) or the lowest heritability (0.2). In addition, all the augmented epistatic effects estimated in an unbiased manner in Z 4 ( Table 3 , Fig 1) . The poor detection power occurred only on a low heritability level (0.2) with sample sizes 400 or 200.
Main and epistatic effects in simulation study. Table 4 shown the main and epistatic effects of QTL 1 and QTL 2 in the in RIL-based aTTC design using the two-step approach under the F 1 metric model. Other pairs of interactions are listed in Tables 5 and 6 for the interaction between QTL 3 and QTL 4 and QTL 5 and QTL 6 , respectively. We can see that the main-effect and epistatic effects of QTL were very close to set value when sample size is big (800) and heritability is high (0.8). all the preset QTL were precisely detected and the QTL effects were estimated in an unbiased manner, except on the level of the smallest sample size (200) and the lowest heritability (0.2) with 5 replications in Z 1 , Z 2 and Z 4 .
Real data analysis results
QTL mapping in
Â 141 Â ð141 À 1Þ ¼ 10011, which was about 45 times bigger than the sample size. QTL effect-explained 1% phenotypic variation was set as a threshold for declaring the presence of QTL. QTL mapping results for the II and IJ hybrids are listed in Tables A and B in S12 Supporting Information, respectively.
Augmented effects in II and IJ hybrid. As shown in Table A in S12 Supporting Information, 14 QTLs and 36 digenic interactions were detected in the II hybrid, and the explained variation of a single QTL or interaction varied from 1.13% to 7.67%. In the RIL mapping population, 8 QTL (16%) were revealed, of which 2 QTLs (25%) were detected in trait GD with relative small phenotypic variation. In trait YD, a digenic interaction of marker C1016 and C483 explained the maximum (7.49%) phenotypic variation. In Z 1 , 11 QTL (22%) were detected, Genetic dissection based on augmented triple test cross design and one or more QTL were revealed in each trait. The explained variation in Z 1 varied from 1.21% to 7.67%. The interaction between marker R3166 and RZ667 was also detected in traits FGPP and GD, and explained 7.67% and 7.33% variation, respectively. In Z 2 , 10 QTLs were identified. There was no QTL detected in trait PL. The explained variation in Z 2 varied from 1.13% to 5.91%. In Z 4 , 11 interactions were found, and at least one QTL or interaction was revealed in each trait. The maximum explained variation was in trait HD (6.05%). Ten interactions were also dissected, and the explained variation of a single interaction varied from 1.69% to 7.09%. Genetic dissection based on augmented triple test cross design
In the IJ hybrid, as shown in Table B in S12 Supporting Information, a total of 46 QTL and 75 interactions was detected. Of the detected QTL, the majority was detected in RIL (39.37%) and Z 4 (41.73%). The explained variation of a single QTL in the RIL ranged from 1.09% to 27.48%. In Z 4 , the detected QTL-associated marker RG333 affected HD in chromosome 8 explained 27.48% of phenotypic variation. It was also found simultaneously in Z 1 and Z 2 data sets. Eighteen QTLs in Z 1 and 9 QTLs in Z 2 were identified. In Z 1 , QTL-associated marker RG333 influenced HD, accounting for 36.58% of variation, which also explained 8.47% of Genetic dissection based on augmented triple test cross design variation for PH. In Z 4 , the majority of interactions were detected in trait FGPP in which 17
(58.6%) and 10 (41.7%) marker pairs were found in i Tables  A and B in S12 Supporting Information, main and epistatic effects were dissected by the proposed approach distributed previous part 3. 4 . The results of the II and IJ hybrid are presented in Tables 7 and 8 , respectively. For main effect QTL, we dissected the additive and dominance effects, whereas for interactions, additive × additive (aa), additive × dominance (ad), HD: In the II hybrid, the only main effect QTL was classified as additive; in the other five epistatic QTL, most were classified as dominance, except one that showed overdominance. In the IJ hybrid, four main effect QTL were classified as additive, and only one main effect QTL was classified as partial dominance; four epistatic QTL were classified as dominance, and one epistatic QTL was classified as overdominance. Table 7 .
Dissection of main and epistatic effects. Integrated in the QTL mapping result of
b See footnote of Table 7 .
https://doi.org/10.1371/journal.pone.0189054.t008
Genetic dissection based on augmented triple test cross design PH: In the II hybrid, two main effect QTL were classified as additive and overdominance, respectively; two epistatic QTL were classified as dominance. In the IJ hybrid, two main effect QTL were classified as additive and overdominance, respectively; in seven epistatic QTL, two were classified as overdominance and the other five were dominance.
Tillers per plant: In the II hybrid, the only main effect QTL was classified as overdominance; two of three epistatic QTL were classified as dominance and the remaining one was classified as overdominance. In the IJ hybrid, no main effect QTL was found; in seven epistatic QTL, two were classified as overdominance and the remaining five were dominance, which was similar to trait PH.
PL: In the II hybrid, the only main effect QTL was classified as additive; two of three epistatic QTL were classified as dominance and the remaining one showed overdominance. In the IJ hybrid, no main effect QTL was found; in four epistatic QTL, one was identified as overdominance and the rest were dominance.
FGPP: In the II hybrid, no main effect QTL was found; in four epistatic QTL, one was classified as overdominance and the rest were dominance. In the IJ hybrid, the only main effect QTL was classified as additive; a total of 28 epistatic QTL was dissected, all of which showed dominance.
Percentage of seed set: In the II hybrid, the only main effect QTL was classified as additive and the three epistatic QTL were classified as dominance. In the IJ hybrid, only three epistatic QTL were dissected and all of them were classified as dominance.
GD: In the II hybrid, no main effect QTL was found; among four epistatic QTL, one was classified as overdominance and the remaining three were dominance. In the IJ hybrid, the only main effect QTL was classified as overdominance; among four epistatic QTL, three were classified as dominance and the remaining one was classified as overdominance.
KGW: In the II hybrid, two main effect QTL were classified as overdominance; in four epistatic QTL, one showed overdominance and the remaining three showed dominance. In the IJ hybrid, two main effect QTL were classified as additive and overdominance, respectively; two epistatic QTL showed dominance.
YD: In the II hybrid, two main effect QTL were classified as additive and overdominance, respectively; all four epistatic QTL were classified as dominance. In the IJ hybrid, the only main effect QTL showed overdominance, and the three epistatic QTL were classified as dominance.
From Tables 7 and 8 , we can see that little common loci were found. This phenomenon partially results from the mapping markers in IJ and II hybrid are different. But on the same chromosome, we found some nearby loci affected same trait in both II and IJ hybrids. Table 9 summarizes the main and epistatic QTL revealed in the II and IJ hybrids. For main effect QTL, 10 QTL were identified in the II hybrid; five were classified as additive, and the rest were classified as overdominance. In the IJ hybrid, 12 QTL were found, more additive (58.33%) loci were identified than overdominance in number (33.34%). For epistatic QTL, dominance or overdominance are found in two hybrid combinations, and dominance played a leading role in 
Discussion
Models comparison
Based on the aTTC design, this paper developed a QTL mapping method that fit for many base populations (RIL, F 2 , and DH); by employing multiple data set transformations (Z 1i , Z 2i , Z 3i , Z 4i , Z 5i , and Z 6i ), many types of main and epistatic effects can be dissected. This paper took one combination (Z 1 , Z 2 , and Z 4 ) of the aTTC design as an instance and proposed a twostep approach to dissect additive, dominance, and epistatic effects of QTL in the RIL-based aTTC design. A series of Monte Carlo simulation studies were carried out to confirm the proposed approach. Compared to previous studies on our methodologies, the proposed approach offered great advantages over previous methods. aTTC design has many more transformations than do the TTC or NCIII designs, and with a series of transformation combinations (Z 1 , Z 2 , and Z 4 ), (Z 1 , Z 2 , and Z 5 ), or (Z 1 , Z 2 , and Z 6 ), we can dissect main and epistatic effects of individual QTL or interactions by QTL mapping. It provides a new method for quantitative genetics research and especially for allowing scientists and breeders to understand the genetic basis for plant heterosis. In our study, we took the transformation combination Z 1 , Z 2 , and Z 4 of RIL-based aTTC design as an instance to dissect genetic effects. There were some advantages when taking RIL as the base population. The genetic expectation mean of RIL was equivalent to L 4i ; therefore, there was no need to selfmate the base population. We simply used the RIL population data set substitute L 4i , which saved labor and time. When using RIL-based TTC design for QTL mapping, we need generate four populations RIL, L1, L2 and L3. However, when using RIL-based aTTC design, breeders only need generate three populations RIL, L1 and L2. With combination (Z 1 = L1+L2, Z 2 = L1 −L2 and Z 4 = L1+L2−L4), we can dissect additive, dominance, and epistatic effects of QTL with high statistical powers and accuracies. In addition, many real mapping populations that derived from RIL-based NCIII design can be re-analyzed by the proposed method to develop main and epistatic effects to clearly decipher a genetic basis for heterosis.
In the present study, we used three different interaction patterns in one genetic model, which was much more complicated than that proposed by He et al. [37, 39] . As shown in Tables A and B in S11 Supporting Information, with high detection power, all the augmented main effects in QTL (QTL [1] [2] [3] [4] [5] [6] ) and epistatic effects in digenic interactions (QTL 1 and QTL 2 , QTL 3 and QTL 4 , and QTL 5 and QTL 6 ) were estimated in an unbiased manner in Z 1 and Z 2 . In Z 4 , two augmented epistatic effects i
were further estimated precisely (shown in Table 3 ).
Actually, for the detection of small and linked QTL, low powers were observed. EBLASSO can handle the model that includes many effects [37, 39, 43] . In this sudy, we use a large number of effects, including main and epistatic QTL effects, simultaneously. EBLASSO shrinks weak effect into zero, which has little influence on large effect QTL. Simulation studies demonstrated that the fast EBLASSO greatly improved calculated speed and detected more true QTL effects without increasing the false-positive rate.
Comparison of QTL mapping results in II and IJ hybrid with previous mapping results
The QTL mapping results of this paper were compared with those of our previous study [24] in which the CIM was employed to mapping main effect QTL [44] , and the mixed linear approach [45] was used to estimate epistatic QTL. QTL detected by both studies are listed in Tables 10 and 11 for II and IJ hybrids, respectively. As shown in Table 10 , a total of nine main effects QTL and four epistatic QTL was found simultaneously in two studies; only one QTL revealed in trait PH showed opposite dominance degree. In an RIL mapping population, three main effects QTL were detected; two main effects QTL were detected in Z 1 , and both of them were identified as additive. Eight QTL were found in Z 2 , and half of them were main effects; dominance degree revealed by two methods was similar, except for marker R1925 in trait PH. For the IJ hybrid, shown in Table 11 , no epistatic QTL was simultaneously detected. The number of main effects QTL detected by both studies was 17, 3, and 3 for RIL, Z 1 , and Z 2 , respectively. Except for marker CDO533 in trait PH, the detected main effects QTL showed the same dominance degree. If not taking threshold into consideration, the ratio of same main effect QTL detected by the fast EBLASSO algorithm to previous mapping results were 23.08%, 22.22%, and 50% for RIL, Z 1 , and Z 2 , respectively in the II hybrid, whereas in the IJ hybrid, they were 54.84%, 17.65%, and 21.430%.
Among the identified QTL, some of them were pleiotropic. In the IJ hybrid, marker RG333 on chromosome 8 was simultaneously revealed in traits HD, PH, KGW, and YD; marker CDO1081 on chromosome 3 was simultaneously identified for traits HD, FGPP, and YD. These markers, especially for marker RG333 and marker CDO1081, were also found pleiotropic in the work of Xiao et al. [8] and Li et al. [24] . These regions deserve further attention, especially in marker-assisted breeding. Genetic dissection based on augmented triple test cross design
Genetic basis of heterosis with real data analysis
With our proposed approach, we dissected genetic effects of QTL and interactions for the II and IJ hybrids, respectively, and calculated the dominance degree of each QTL or digenic interaction (Tables 7 and 8 ). We summarized the classified dominance degree of real mapping populations ( Table 9 ) and found that dominance degree in the Z 2 data set that mainly characterized the heterosis showed overdominance and dominance for QTL and digenic interactions, and the ratio of dominance is greater than overdominance. Therefore, we conclude that dominance accumulation and overdominance are the major genetic basis of heterosis. This finding is consistent with Huang et al. [4] , who pointed out that the accumulation of numerous rare superior alleles with positive dominance was an important contributor to heterotic phenomena after genomic analysis of hybrid rice varieties.
To explicitly elucidate the influence of single-locus (additive and dominance) and two-loci (aa, ad, da, and dd epistatic effect) genetic effects conditioning the heterosis of agronomic traits, models or genetic mating design (e.g., RIL-based TTC design) [30, 38] , which can be used to study how interactions among multiple genes can lead to the phenotypic manifestations of heterosis, are probably the most relevant. Recent findings from genomic, proteomic, Table 7 .
b See footnote of Table 7 . c See footnote of Table 10 .
d See footnote of Table 10 .
e See footnote of Table 10 .
https://doi.org/10.1371/journal.pone.0189054.t011
Genetic dissection based on augmented triple test cross design metabolic, epigenetic, and network studies in hybrids and polyploids also highlight some testable models for heterosis [46] . 
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